INTRODUCTION
MicroRNAs (miRNAs) are a class of small non-coding RNA of 19-24 nucleotides in length, which play pivotal roles in various biological and pathologic processes, including cell proliferation, differentiation, apoptosis, metabolism, organ morphology, angiogenesis and cancer (1) (2) (3) (4) (5) (6) (7) (8) . There is mounting evidence that miRNA expression is distinct between normal and tumor tissues. In some instances, these differences are associated with the initiation and progression of cancer (9) (10) (11) (12) (13) . By modulating oncogenic and tumor suppressor pathways, miRNAs can act as oncogenes or tumor suppressors, or oncomiRs or tumor-suppressors miRs, respectively (6, (13) (14) (15) .
Some miRNAs, such as miR-210, are up-regulated in multiple cancer types (16) (17) (18) (19) . However, they cannot simply be described as oncomiRs or tumor-suppressor miRs because of the wide array of targets involved in regulating different cellular functions. MiR-210 is a hypoxia-induced gene regulated by (hypoxia-inducible factor 1) HIF-1a and plays various roles in the cells (7, 17, (19) (20) (21) . In a murine model of myocardial infarction, miR-210 inhibited apoptosis and improved angiogenesis and cardiac function through potential targets Efna3 and Ptp1b (22) . MiR-210 also down-regulates mitochondrial function by repressing the expression of iron-sulfur cluster scaffold homolog and COX10 (cytochrome c oxidase assembly protein) (23) . It has recently been reported that the expression of miR-210 is induced during erythroid differentiation in a time-and dosage-dependent manner. Consistent with increased expression of the fetal gamma-globin genes, miR-210 might be involved in erythropoiesis (24) . The role of miR-210 in cancer is complex and disputable. Data from clinical cancer samples show that miR-210 expression is inversely correlated with disease-free states and overall survival rates (16, (18) (19) . However, other studies have reported that a remarkably high frequency of miR-210 gene deletions was found in ovarian cancer patients (25) .
Over-expression of ectopic miR-210 could function as a tumor suppressor because it attenuates cancer cell proliferation through down-regulating E2F3, fibroblast growth factor receptor-like 1, Homeobox protein Hox-A1 (HOXA1), Homeobox protein Hox-A9 (HOXA9) and Max-binding protein (MNT) (17, 26, 27) .
Through a combination of genome-wide scale analysis and bioinformatics approach, we identified two functional gene groups as the potential targets of miR-210. One is involved in cell cycle regulation and the other is related to RNA processing. Here, we investigated the molecular mechanism and biological consequences of miR-210 in cell cycle regulation. We found that hypoxia-induced up-regulation of miR-210 was highly correlated with the down-regulation of Plk1, Cdc25B, Cyclin F, Bub1B and Fam83D genes involved in mitotic regulation. MiR-210 suppressed the expression of these genes by directly targeting their 3 0 -untranslated regions (3 0 -UTRs). Overexpression of exogenous miR-210 also disturbed mitotic progression and caused aberrant mitosis. Moreover, miR-210 mimic with pharmacological doses reduced tumor formation in a mouse metastatic tumor model during the initial stage. These results indicate that the inhibitory role of miR-210 on tumor formation may be partially due to mitotic disturbances in cancer cells.
MATERIALS AND METHODS

Cell culture and hypoxia induction
HeLa or CNE cells (Kunming Cell Bank, China) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum at 37 C with 5% carbon dioxide (CO 2 ). Hypoxia was induced by treating cells with deferoxamine mesylate (DFOM, Sigma-Aldrich Co., MO, USA) at a final concentration of 130 mM.
mRNA expression profile
Total RNA was isolated using Trizol reagent (Invitrogen) and the samples were analysed by mRNA microarray (Capital Bio Corp., Beijing, China). Procedures were performed as described in detail on the website of CapitalBio (http://www.capitalbio.com) (28) . For each test and control samples, two hybridizations were performed by using a reversal Fuorescent strategy. Genes showing a greater than 2-fold induction or repression in both microarray were selected as differentially expressed genes.
MiRNAs, siRNAs and transfection
MiRNA mimics were designed according to the miRBase sequence database (http://microrna.sanger.ac.uk). miRNA mimics, miRNA inhibitors and small interfering RNA (siRNA) duplexes were synthesized and purified by Shanghai GenePharma Co. (Shanghai, China). The sequences of these inhibitors are the exact antisense copy of the mature miRNAs, and all the nucleotides in the inhibitors contain 2 0 -O-Methyl modification (2 0 -OMe) modifications at each base. SiRNA duplexes with random sequences were used as a negative control (NC). The sequence of these miRNA and siRNAs were included in the Supplementary Table S1 . Cells were transfected with siRNA or miRNAs duplexes using Lipofectaime 2000 (Invitrogen Corp., Carlsbad, CA, USA) according to manufacturer's instructions.
Lentiviral preparation and transfection
The recombinant lentivirus for miR-210 (Lv-miR210), which expresses mature human miR-210, and negative control (Lv-NC), which expresses a scrambled RNA, were purchased from GenePharma (Shanghai, China). Protocol of lentivirus infection is according to the GenePharma Recombinant Lentivirus Operation Manual (http://www.genepharma.com).
Immunocytochemistry CNE cells transfected with miR-210 or NC were Exed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 15 min, followed by permeabilization with 0.25% Triton X-100 in PBS for 10 min at room temperature. Fixed samples were blocked with 3% bovine serum albumin in PBS for 1 h at room temperature before incubation with primary and secondary antibodies. Primary antibodies used were a-tubulin and g-tubulin (Sigma-Aldrich Co., MO, USA). Secondary antibodies used were Alexa Fluor 488 or 555 conjugates (Invitrogen, USA). Images were captured using an Olympus confocal microscope.
Cell synchronization and flow cytometry analysis CNE cells transfected with miR-210, miR-9, Plk1-siRNA or NC were synchronized at mitosis by nocodazole (100 ng/ml) treatment for 12 h. The mitotic cells were released from nocodazole block by washing the cells three times with PBS. At 1 h after nocodazole release, the cells were fixed in 70% ethanol in PBS overnight. Cells were then counterstained with propidium iodide (PI) and analysed for DNA content by use of a BD InfluxTM flow cytometer.
Luciferase activity assay
Reporter vectors were generated by inserting the 3 0 -UTRs of Plk1 (nt 267-285), Bub1B (nt 87-108), Cyclin F (nt 537-557), Cdc5B (nt 870-887), Fam83D (nt 216-236) and their corresponding mutated 3 0 -UTR fragments into [pRL-TK Vector(Promega Corporation) (pRL-TK)] plasmid (Promega, USA). Then, 3 0 -UTRs were amplified by PCR using the primers shown in Supplementary Table  S1 . Luciferase activities were assayed according to a previously published protocol (29) . Briefly, CNE cells cultured in 24-well plate were transfected with 100 ng of plasmid and 20 nM of each miRNA using Lipofectamine 2000. Cells were collected at 30 h after transfection to perform Renilla luciferase activity assay.
Mice and tumor formation assays
Athymic nude mice aged 4 weeks were purchased from the Experimental Animal Center of Guang Zhou University of Chinese Medicine (Guang Zhou, China) and kept in pathogen-free animal facilities for 2 weeks at Tsinghua University Shenzhen Graduate School. The mice were divided into three groups for the treatment of miR-210, Plk1-siRNA or NC respectively, and each group had 8 mice. CNE cells were prepared for mouse tail vein injections. Briefly, the cells were suspended in PBS, and their viability assessed by trypan blue staining was typically >95%. Six-week-old mice were injected with approximately 5 Â 10 5 CNE cells in the tail vein. Transferrinpolyethylenimine (TF-PEI)/modified-miRNA-mimics complex were delivered through tail vein injection every 3 days. After 6 injections, mice were euthanized and their lungs were removed and rinsed. The left lung lobes were collected to generate histological tablets to calculate the pulmonary metastases. The right lung lobes were fixed with formalin, embedded with paraffin for lung tissue sections, which were prepared at 5mm on a transverse plain. The sections were examined using H&E staining. The pulmonary metastases were counted and photographed. All experiments on animals were conducted according to the US Public Health Service's Policy on Human Care and Use of Laboratory Animals.
RESULTS
Identification of miR-210 target genes in hypoxia-induced CNE cells
Results from mRNA microarray analysis revealed that 351 genes were down-regulated in hypoxia-induced CNE nasopharyngeal carcinoma cells. To clarify the potential targets of miR-210, we used FindTar, a prediction algorithm designed by our laboratory, to screen miR-210 targets from those down-regulated genes under hypoxia condition (30) . Among them, 107 genes were predicted as the putative targets of miR-210 (Supplementary Table S2 ).
The putative targets of miR-210 were then uploaded into DAVID bioinformatics resources (http://david.abcc. ncifcrf.gov/) for functional annotation clustering and enrichment scoring. A higher enrichment score for a cluster indicated that the gene members within the cluster were involved in more important (enriched) terms in a given study (31) . The results showed seven clusters with enrichment scores higher than 1.3, representing four biological functions, including structure molecules of organelle, RNA processing, cell cycle and a few methyltransferases (Supplementary Table S3 ). Search tool for the retrieval of interacting genes/proteins (http://string-db.org/) (STRING), a database of protein interactions, was then used to investigate functional associations among the candidate target genes of miR-210 and networks involved in the biological function of miR-210 (32) . The 107 putative miR-210 genes were uploaded into STRING 9 (http:// string-db.org/) and two areas where the genes cohered to form networks were identified. As shown in Figure 1A , one network consisted of cell cycle-related genes, and the other one related to RNA process. This result indicated that the role of miR-210 might be related to cell cycle regulation and RNA process.
In this investigation, we studied the function of miR-210 on cell cycle regulation. We analysed the functional cluster 4 from DAVID bioinformatics resources: 27 genes associated with the cell cycle were divided into 28 enriched functional annotations (Supplementary Table  S3 Figure 1B) . All of the genes, except Cyclin D1, were related to mitosis. We examined their mRNA expression under normoxia or hypoxia condition. Results from quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) confirmed that hypoxic stress significantly suppressed the expression of these genes ( Figure 1C ). In contrast, inhibition of endogenous miR-210 with specific miRNA inhibitor could reverse the down-regulation of Plk1, Bub1B, Cyclin F, Pds5B and Cdc25B by hypoxic stress, suggesting that these genes might be miR-210 targets ( Figure 1D ).
MiR-210 inhibits tumor cell proliferation
To investigate the correlation between miR-210 expression and cell proliferation, we examined the expression level of miR-210 under hypoxic stress. CNE cells were treated with the hypoxia mimetic agent DFOM for 24 h. The level of endogenous miR-210 was determined by qRT-PCR. As shown in Figure 2A , hypoxic stress induced a 7-fold increase of endogenous miR-210 expression. The cell proliferation assay also showed a retardation of cell growth in hypoxia-treated cells ( Figure 2B ). Then, we examined the effect of miR-210 over-expression on cell proliferation under normoxia or hypoxia condition. As shown in Figure 2C and D, over-expression of exogenous miR-210 significantly reduced the rate of cell proliferation. Conversely, inhibition of endogenous miR-210 restored cell proliferation rate, particularly in hypoxia-treated cells, when miR-210 is highly up-regulated ( Figure 2D ).
MiR-210 down-regulates the expression of mitosis-related genes
Bioinformatics analysis indicates that eight mitosis regulatory genes are putative targets of miR-210 in hypoxiainduced CNE cells. To validate, we over-expressed miR-210 in hypoxia-induced CNE cells and harvested cells for qRT-PCR and Western blotting. As shown in Figure 3A , miR-210 over-expression resulted in 40-80% reduction in transcript abundance for Plk1, Cdc25B, Bub1B, Cyclin F and Fam83D. Similarly, the protein expression of these genes was also down-regulated to various extents by exogenous miR-210. Among them, the protein level of Plk1, a key protein involved in both mitotic entry and spindle checkpoint, decreased almost 80% compared with control ( Figure 3B ). There was little, if any, reduction of Cyclin D1, Pds5B and g-tubulin from both qRT-PCR and Western blotting (Data not shown).
We also generated CNE and HeLa cells that stably expressed miR-210 and NC by lentiviral infection. For visualization, the GenePharma Supersilencing vector was designed to carry a green fluorescent protein (GFP) gene in its backbone ( Figure 3C ). We harvested the cells infected with either miR-210 or NC for Western blotting. It was shown that over-expression of miR-210 also down-regulated the protein expression of Plk1, Cyclin F, Bub1B, Cdc25B and Fam83D in both HeLa and CNE cells in normal culture condition ( Figure 3D ).
MiR-210 disturbs mitotic progression and causes defects of chromosome alignment and segregation
Having shown that miR-210 down-regulated the expression of some genes related to mitosis, we next investigated the function of miR-210 on mitotic progression. CNE cells transfected with NC, miR-210, Plk1-siRNA and miR-9 were synchronized at mitosis by nocodazole treatment, and the mitotic cells were released from nocodazole block for 1 h. The cells were fixed and stained with PI for flow cytometry analysis. As shown in Figure 4A , >25% of the NC-transfected cells exited mitosis and entered G1 phase at 1 h after nocodazole release. By contrast, there was a significant delay of mitotic exit in miR-210-transfected cells, as <10% of the cells entered G1. For comparison, we used miR-9 as a control miRNA because it had no predicted target genes related to mitosis. Similar to NC, 22.7% of G1 phase cells were observed in miR-9-transfected cells at 1 h after nocodazole release. Plk1, a major target of miR-210, plays an important role in mitotic spindle checkpoint. We found that depletion of Plk1 by siRNA almost completely blocked the mitotic exit and the majority of cells were arrested in mitosis after nocodazole release. These results indicate that miR-210 is involved in regulating mitotic progression.
It is well known that some of the miR-210 targets, such as Plk1, Bub1B and cyclin F, are important regulators of mitotic spindle checkpoint. To investigate if miR-210 affected spindle checkpoint and chromosome segregation, we examined the mitotic spindle formation by co-immunofluorescence with a-and g-tubulin antibodies. The morphology of the chromosomes was visualized by 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. As shown in Figure 4B , chromosome mis-alignment and missegregation were frequently observed in miR-210-transfected CNE cells. Aberrant centrosome amplification was also seen in a high frequency. The quantification of abnormal mitosis was shown in Figure 4C , and miR-210 induced a significant increase of chromosome alignment and segregation defects compared with NC and miR-9 controls. Silencing Plk1 resulted in metaphase arrest with a high percentage of chromosome mis-alignment. Therefore, miR-210 disturbs mitotic progression by inducing centrosome amplification, chromosome misalignment and mis-segregation, which might be due to its multi-target effect in mitosis.
MiR-210 regulates mitosis-related genes by targeting their 3
0 -UTRs
To examine if miR-210 regulates the expression of target genes via binding to the respective 3 0 -UTR regions, we designed pRLTK-luciferase reporter constructs, which contain the 3 0 -UTR regions of the target genes with putative miR-210 binding sites. Thus, miR-210 could bind to its target sites in the 3 0 -UTR and inhibit luciferase activity. As shown in Figure 5 , miR-210 significantly suppressed luciferase activity when co-transfected with pRLTK-luciferase reporter constructs containing the 3 0 -UTRs of Plk1, Bub1B, Cyclin F, Cdc25B or Fam83D genes. To further confirm the direct interaction between miR-210 and its target genes, the binding sites in 3 0 -UTRs of the target genes were mutated. In comparison with wild-type reporter constructs, the mutations rescued the repressive effects of miR-210 on luciferase activity ( Figure 5 ). These results demonstrated that miR-210 regulate the expression of multiple mitosis-related genes by directly binding to their 3 0 -UTR sites.
MiR-210 reduces tumor initiation in a mouse metastatic tumor model
To examine the effect of miR-210 on tumor initiation, we generated an experimental metastatic tumor model by intravenously injecting nude mice with CNE cells. From the next day of tumor cell injection, the mice were treated with miR-210, Plk1-siRNA or NC every 3 days. After 2 weeks, some white pulmonary nodules with 0.2-0.5 mm diameter were detected in histological tablets of mouse lung ( Figure 6A ). H&E staining from mouse lung tissue sections confirmed that these white pulmonary nodules were metastatic tumors ( Figure 6B ). We quantified the pulmonary nodules by microscopy and found that the number of pulmonary nodules in miR-210-treated mice was much less than that in NC groups. Plk1-siRNA showed a similar effect with miR-210 on tumor initiation ( Figure 6C ).
DISCUSSION
In patients with poor prognosis, the tumor growth rate is usually higher and the tumor size is also larger than that in patients with better prognosis (33) . Oxygen homeostasis is frequently disrupted in tumor, and hypoxia appears to be strongly associated with tumor propagation and malignant progression. As a hypoxia-induced miRNA, miR-210 up-regulation is frequently observed in patients with poor prognosis (18, 19) . However, it does not mean that miR-210 is the cause of the poorer prognosis in cancer patients. Multi-targets might be the most important biologic characteristic of miRNAs. Data from computational prediction and biological investigations of genome-wide scale suggest that one miRNA may have tens to hundreds target genes (34-36). Co-regulation of a group of functionally related genes to provoke detectable functional changes is a common mode of miRNA-mediated gene regulation (36) . However, the identification of functionally related target gene groups of a miRNA is a challenge. Here, we combined the biologic approach of genome-wide scale and bioinformatics approach to identify the functionally related target genes of miR-210. We found that miR-210 target a group of mitosis-related genes. Through downregulating several important mitotic regulators (Plk1, Cdc25B, Bub1B, cyclin F and Fam83D), miR-210 disturbs mitotic progression, exerts subtle effects on the key events of mitosis, and also inhibits tumor cells proliferation and tumor formation.
Numerous studies demonstrate that both Plk1 and Cdc25B control the onset of mitosis though a positive and negative feedback loop. The regulation of mitosis is complex. The Cdc25 phosphatase family plays an important role in G2-M transitions during unperturbed cell cycle (37, 38) . Among them, Cdc25B and Cdc25C are primarily required for entry into mitosis (39) . An incipient activation of Cdk1/cyclin B is initiated by cdc25B during the G2/M transition, whereas the full activation of Cdk1/ cyclin B is governed by Cdc25C at the onset of mitosis (39,40). The active Cdk1/cyclin B then phosphorylates Cdc25B and C, leading to an irreversible autoamplification loop that drives cells into mitosis (41, 42) . On the other hand, Plk1 promotes the activation of Cdk1/cyclin B by activating Cdc25C (43) . Plk1 also leads to a further increase in Cdk1 activity by additionally inhibiting Myt1 and inducing the degradation of Wee1 by phosphorylation (44) (45) (46) . In addition to mitotic entry, Plk1 controls multiple steps during mitotic progression. Plk1 phosphoryaltes ninein-like protein and kizuna to promote the recruitment of g-tubulin ring complexes and maintain the integrity of the centrosomes (45, 47, 48) . Plk1 regulates sister chromatid resolution by promoting the removal of cohesins in prophase and facilitating their cleavage by separase (44, 45) . Plk1 is also essential for cytokinesis by activating the Rho GTPase, an activator of the actomyosin ring to stimulate the contraction of the contractile ring and promote cytokinesis (44, 45) . It has been demonstrated recently that over-expression of miR-210 induces growth suppression and G2/M arrest (49) . Therefore, this investigation provides a potential mechanism that miR-210 may regulate G2/M transition by targeting Plk1 and Cdc25B (Figure 7) .
MiR-210 also suppresses the expression of Bub1B, Cyclin F and Fam83D. The checkpoint serine/threonineprotein kinase Bub1B localizes to the kinetochores and plays a role in the inhibition of the anaphase-promoting complex (50) . Cyclin F physically associates with CP110, a protein essential for centrosome duplication. Knocking down cyclin F expression with siRNA induces multipolar spindles and asymmetric bipolar spindles with lagging chromosomes (51) . Fam83D is also named as CHICA because it interacts with kinesin-like protein (KIF22)/ chromokinesin Kid (KID) to the spindle microtubules and is required for proper chromosome congression and alignment during mitosis (52) . In this study, we demonstrate that over-expression of miR-210 induces subtle effects on mitosis, including chromosome mis-alignment Figure 4 . MiR-210 disturbs mitotic progression and causes aberrant mitosis. (A) CNE cells transfected with miR-210, miR-9, Plk1-siRNA or NC were synchronized at mitosis by nocodazole treatment. The mitotic cells were released from nocodazole block for 1 h. The cells were fixed and stained with PI for flow cytometry analysis. MiR-9, which has no predicted target genes related to mitosis, was used as a control miRNA. (B) CNE cells transfected with miR-210 or NC were fixed and subjected to co-immunofluorescence with a-and g-tubulin antibodies, and the chromosomes were stained with DAPI. Scale bar: 10 mm. (C) CNE cells transfected with miR-210, miR-9, Plk1-siRNA or NC were partially synchronized by nocodazole treatment for 4 h, and then released for 1 h to quantify the number of aberrant mitosis. Data are representative of three independent experiments. and mis-segregation, centrosome amplification. This effect could be due to the direct down-regulation of Bub1B, cyclin F and Fam83D. Recent study also reported that miR-210 can regulate centrosome duplication cycle by targeting the expression of E2F3 in renal carcinoma cells (49) . Take together, the biological function of miR-210 on cell cycle progression, particularly mitosis, is determined by its multiple target effects. MiR-210 controls the onset of mitosis by regulating the expression of Cdc25B and Plk1, and it also governs the mitotic progression by targeting Plk1, Cyclin F, Bub1B and Fam83D (Figure 7) .
Among the target genes of miR-210, Plk1 may play an integral role because of its multiple functions in mitosis and maintaining DNA integrity. Plk1 is frequently over-expressed in many tumor types and represents a target for anti-cancer therapy. Preclinical studies show that Plk1 siRNAs or small molecule inhibitors induce mitotic arrest and inhibit tumor growth (53) . Here, we found that miR-210 reduced tumor formation in a mouse metastatic tumor model, and depletion of Plk1 by siRNA had a similar effect. One possibility might be that miR-210 exerts subtle effects on the key events of mitosis, which can destroy DNA integrity and eventually induce cancer cell death. On the other hand, miR-210-mediated down-regulation of other cell cycle regulatory genes, such as E2F3, may also play a role in repressing tumor cell proliferation (17, 25, 26) .
Contradictory results, however, exist concerning the function of miR-210 as a pro-or anti-tumorigenesis gene. Analysing miR-210 expression in tumor samples indicates that miR-210 is over-expressed in most solid tumors (16, 17, 19, 54) ; however, there is a high frequency of miR-210 gene copy deletion in ovarian cancer (25) . As a robust hypoxia-inducible miRNA, miR-210 can either inhibit apoptosis (55, 56) , increase migration and invasion (57), or rather suppress tumor initiation (17) that depends on the tissue or cell models. In nude mice bearing nasopharyngeal carcinoma xenograft, we find that ectopic expression of miR-210 reduces tumor formation and growth during the initial stage, but not in the aggressive tumors. The possible explanation is that during the early stage of tumor formation, the level of endogenous miR-210 is relatively lower because the deprivation of oxygen is not significant. Thus, over-expression of high level of miR-210 could inhibit tumor cell proliferation though targeting multiple cell cycle regulatory genes. However, as a tumor grows, hypoxia induces a robust increase of endogenous miR-210, and tumor cells may gradually become tolerant to miR-210 and survive. . MiR-210 reduces tumor initiation in a mouse metastatic tumor model. An experimental metastatic tumor model was generated though tail vein injection in nude mice with CNE cells. MiR-210 mimic or Plk1-siRNA was delivered intravenously. NC was used as negative control. After 6 times injection, mice were euthanized and their left lung lobes were collected to generate histological table (A) and the right lung lobes were removed for lung tissue sections. The sections were examined using H&E stain, and photographed (B). (C) The quantification of the white pulmonary nodules of metastatic tumors. *P-value <0.05. NC: small RNA with random sequence. 
